This study reveals how damping shapes the global vortex-induced vibration (VIV) response of flexible cylinders. Global behavior may vary from full-length standing waves to traveling waves on infinite cylinders. Structural damping rules the standing wave case whereas radiation damping regulates VIV response on very long cylinders. A single scalar equation expresses the balance of power flowing through the structure. In that equation, A rms , which is the root-mean-square response in the VIV excitation region, is shown to be an excellent indicator of global response because of its relation to power flow. Under steady-state conditions, the net power flow must be zero, which directly leads to three independent dimensionless damping parameters, namely a; b R ; and c Ã : b R indicates when radiation damping is important, a reveals the relative importance of structural versus radiation damping, and c * locates the global VIV behavior on the spectrum of lightly to strongly damped systems. Structural, hydrodynamic, and wave radiation damping are all taken into account. Plots of A * rms versus c * show the global effects of damping on response. Uncontrolled factors often reveal themselves as graphical anomalies, leading to new insights on VIV. Data from experiments and numerical simulations are presented to support the conclusions.
Introduction
Introducing flow-induced vibration to a newcomer is most often accomplished with reference to a few key dimensionless parameters. Strouhal number, Reynolds number, mass ratio, and reduced velocity immediately come to mind when explaining how the vortex-induced vibration (VIV) world works. Remarkably, there has been limited success in finding useful dimensionless parameters involving damping. In the 1950s, Scruton introduced what is today called the mass-damping parameter, m * z s , which revealed a remarkably high correlation with peak response amplitude of smoke stack models in wind tunnels [1] . Unfortunately, m * z s is based on structural damping only and is of no use for long flexible cylinders, because it does not account for hydrodynamic or radiation damping. Currently, there are no dimensionless damping parameters that are able to place global structural response on a spectrum of lightly to heavily damped systems. The primary goal of this study is to define a set of dimensionless parameters, which show the role of damping in the regulation of the VIV of flexible cylinders. Natural frequency for mode n in rad/s This study takes a global view of the role of damping in shaping the flow-induced vibration response of flexible cylinders. The analytical approach characterizes the vibration by simply following the flow of power throughout the structure. By assuming steady-state conditions, an equilibrium between power flowing into and out of the structure is required. Power flows in by means of hydrodynamic excitation and power flows out due to three different damping mechanisms: structural, hydrodynamic, and wave radiation.
Nomenclature
It is well known that crossflow and inline forces and motions are coupled. This coupling influences the magnitude and frequency content of the resulting vibration. Most of the time, the inline response is twice the frequency of the crossflow. This difference in frequency makes it possible to separately analyze the flow of power due to inline and crossflow excitations. The analysis of power flow does not require detailed knowledge about the coupling between inline and crossflow excitations. By focusing on the steady state, this study lays the foundation for future advances in the understanding of more complex issues such as unsteady excitation, higher harmonic forces, and multi-frequency response.
The primary contribution of this study is the definition of four dimensionless parameters, which make it possible to explain the role of damping in the global vibration response of flexible cylinders. The first parameter is A * rms ¼ A rms =D. It is the root-mean-square (RMS) response in the excitation region of the cylinder. It is shown to be integral to the analysis of power flow. In dimensional analysis terms, it is the chosen dependent parameter. It is shown that A * rms is a function of three independent damping parameters, a, b R ; and c * , which follow naturally from the analysis of the steady-state balance of power.
The use of these parameters is illustrated by numerical simulations and by analysis of experimental data. The examples emphasize the power flow associated with crossflow VIV. However, the same power balance approach is equally valid for analysis of inline motion, and the same four parameters may be used to characterize the global response in the inline direction.
A second contribution is a simple graphical method for the presentation of flexible cylinder VIV data, gathered in real or numerical experiments. In Ref. [2] , Vandiver showed that all spring-mounted cylinder experiments could be represented in a coherent way with a plot of A * ¼ A=D versus c * . c * ¼ 2cu rU 2 was introduced as a new damping parameter. A similar c * parameter is defined for flexible cylinder VIV. As c * varies from small to large, it defines a spectrum of global vibration behavior that varies from lightly to heavily damped systems. The response prediction program SHEAR7 [3] is used to populate a plot of A * rms versus c * using two different lift coefficient tables. The first is a conservative lift coefficient which is a function only of A=D. The result is a simple upper bound response prediction valid for all flexible cylinders in sub-critical flow. The second lift coefficient table is a function of both A=D and reduced velocity. It results in response predictions which are close to the mean of measured subcritical response data. Data from uniform and sheared flow experiments on flexible cylinders with and without fairings are compared to the conservative predictions. The differences are due to uncontrolled factors such as reduced velocity, Reynolds number, and non-stationary response. Such plots help identify weaknesses in prediction methods or identify errors in the techniques used to process experimental data.
A third contribution is an examination of the VIV response of infinite cylinders and the important role of radiation damping, which may be expressed in terms of the impedance of the cylinder. A complete derivation of the impedance of a tensioned Euler beam with slowly varying properties is presented.
Historical review of relevant VIV research
Scruton introduced m * z s , which is the mass-damping parameter, in the 1950s, [1] . It showed high correlation with the peak response amplitude of single modes of simple structures such as cantilevers and spring-mounted cylinders. The parameter has been written in several forms. The most common is m * z s , where m * and z s are the mass ratio and structural damping ratio, respectively. An in-depth review of the mass-damping parameter is presented in Ref. [2] . In the 1970s, Griffin tried to extend the mass-damping parameter to account for all types of cylinders, including cantilevers and long cables [4] .
Griffin's log-log plots of A * versus m * z s were characterized by a considerable unexplained scatter.
In 2005, Klamo, Leonard, and Roshko [5] showed that the effect of Reynolds number could be separated from the effect of damping on the maximum response of a spring-mounted cylinder. In 2006, Govardhan and Williamson [6] showed that most of the scatter was due to variation in Reynolds number. In 2012, Vandiver introduced an alternative damping parameter, c * , for spring-mounted rigid cylinders. Whereas the mass-damping parameter was able to organize peak VIV response amplitude data, the c * parameter is valid for the entire lock-in range [2] .
In the early 1970s, the Office of Naval Research (ONR) in the U.S.A. supported many experiments on cable strumming, motivated by concerns of acoustic noise on sensors resulting from VIV and by amplified mean drag coefficients, resulting from
Time-averaged power flowing out 〈P out 〉 rad Time-averaged power due to only outbound wave 〈P out 〉 rad; net Time-averaged power due to both outbound and returning waves VIV. Early MIT field experiments sponsored by ONR were designed to emphasize low mode number response to uniform flow on cables. At a field site in Castine, Maine, a variety of cables were tested in a tidal flow in the summers of 1975 and 1976. Typical measurements revealed a steady-state, large amplitude, single mode, lock-in behavior interspersed with periods of low amplitude, non-lock-in, and random vibration [7] . In the same period, working at the Naval Research Laboratory, Owen Griffin and colleagues conducted a variety of cable experiments over several years [4] . Griffin was also an advisor to the MIT experiments.
In the summer of 1980, Exxon was drilling exploration wells in high currents off the coast of Brazil in 1200e1400 ft of water. After losing two 20-inch diameter casing strings due to severe VIV, they abandoned the effort and engaged in two years of model testing before returning to the field with designs, which included strakes and fairings, to mitigate the VIV. This initiative stimulated VIV research in both the United States and Europe. The offshore experience, the research program, and the resolution are described in Gardner and Cole [8] .
Exxon Production Research co-sponsored an MIT experiment in the summer of 1981 at Castine, Maine. The model was a tensioned steel tube, 23 m in length (D ¼ 4.13 cm), exposed to uniform flow. Depending on current speed cross-flow standing wave response was observed in the 2nd, 3rd, and 4th mode. Under occasional ideal conditions, dual resonance, cross-flow and in-line lock-in response was observed, including figure-of-eight motion and peak amplitude response of A * ¼ 1.4. A widely used mean drag coefficient formulation, based on VIV response amplitude was one of the principal results of the project [9] .
It was known in 1980 that Reynolds number was important but full-scale data were very rare. In a 1982 Offshore Technology Conference presentation, a remarkable video of a 67 m long, 0.5 m diameter, roughened, horizontal, steel pipe was presented. It had been exposed to a tidal flow in a Venetian estuary at Reynolds numbers of up to 220,000. First mode, steadystate vibration with figure-eight trajectories was observed with peaks A * of 0.8e2.5 diameters [10] . Despite the large difference in Reynolds number, the qualitative behavior and mass-damping parameter were similar to those of the Castine pipe.
The mass-damping parameter was m * z s~0 .003 to 0.007.
The figure-eight trajectories observed at Castine and Venice revealed that phase-coupled inline and crossflow motions were important features of flexible cylinder VIV [11] . In-depth understanding of the coupling between inline and crossflow VIV came slowly. More than 25 years later, Dahl conducted experimental investigations that provided real insights on the relationships between inline and crossflow motions and fluid excitation forces [12] . Within a few years, additional studies by Dahl et al. [13] , Modarres-Sadeghi et al. [14] , and Bourguet et al. [15] substantially extended the understanding of coupling between inline and crossflow motions and forces.
The need to predict the fatigue life of marine risers in sheared currents stimulated industry-sponsored experimental investigations in the 1980s and 1990s. An early attempt to explore variable excitation length with uniform flow and still water hydrodynamic damping was conducted in 1985 by Tsahalis of Shell [16] . These stepped flow experiments were conducted on a horizontal, tensioned cylinder, fitted with five accelerometers and towed in a basin with dimensions of L ¼ 13.88 m and D ¼ 3.81 cm. A portion of the cylinder was protected by a variable length shroud, which traveled with the cylinder as it was towed in the basin. Within the shroud, the cylinder was exposed to still water. This is the earliest known experiment in which there was a systematic variation in the lengths of the power-in and power-out regions. The crossflow response was mostly second mode. The experiments are described in an internal company report [16] . A synopsis of the experiment and measurements was published with permission by Vandiver [17] . This experiment was ahead of its time. Response prediction programs did not exist then, which could be compared to the observed response.
In 2005, another stepped flow experiment was conducted, as described by Chaplin et al. [18] and Huera Huerte et al. [19] . The vertical test cylinder had 55% of its length in still water (total L ¼ 13.12 m and D ¼ 2.8 cm). They utilized 32 pairs of strain gauges and measured responses of up to the 8th mode crossflow and 14th mode inline. The flow was uniform over 45% of the length.
In the late 1980s, Don Allen at Shell conducted hundreds of flexible cylinder experiments in a flow channel [20] . Allen's work included uniform and sheared flows on a wide variety of cylinders of varying mass ratios. His experimental setups included a vertical arrangement in which the upper 3.66 m of a 17.7 m cylinder was exposed to uniform or sheared flow in a channel and the remainder of the cylinder hung in a deep pit in which the cylinder was exposed to still water. The data from these experiments were used to calibrate the early versions of the fatigue life prediction program, SHEAR7 [3] . Allen also used the rotating arm facility at the David Taylor Model Basin in Carderock, Maryland to conduct high Reynolds number VIV experiments in linearly sheared flows [21] . One of the limitations at the time was the lack of capability to make high spatial density response measurements. Usually, only a few accelerometers were placed along the riser.
The first author conducted an experiment in 1983, which provided his first encounter with infinite length behavior [22] . The experiment involved suspending a 290 m long, 4.06 mm diameter braided Kevlar cable from a barge near the island of St. Croix in the Caribbean. The tension-dominated cable exhibited dynamic response characteristics similar to that of an infinitely long system [22] . Traveling waves, leaving the excitation region, diminished to negligible levels in approximately 14 wavelengths or approximately 40 m. The observed RMS response amplitude in the power-in region was unusual in that it was less than half a diameter and appeared to be proportional to the flow speed. This was in contradiction to the conventional wisdom at the time. Based on the very low mass-damping value, the cable should have exhibited approximately constant amplitude vibration independent of current speed. The constant amplitude should have been the result of limit cycle reduction in lift coefficient. A plausible explanation is offered in Section 6.2.
Many more experiments followed and most attempted to provide answers to questions involving VIV in sheared flows. In 1997, Erling Huse of Marintek conducted a very creative field experiment on a 90 m long (D ¼ 3 cm) riser with 29 crossflow and inline strain gauge locations. The experiment was known as the Hanøytangen tests. The current was created by attaching the top end of the cylinder to a small surface vessel. The bottom end was not allowed to translate. Controlled horizontal movement of the surface vessel created a linearly sheared current of up to 2.5 m•s
À1
. The first and only in-depth modal analysis of the VIV response was published in 2006 [23] . The authors reported that the response included significant traveling waves. At higher flow speeds, the response was broadband and non-stationary.
At Marintek in Trondheim, Norway, a novel rotating rig apparatus was built to test flexible cylinders in sheared flow [24] . This apparatus was improved and used again in 2003 to conduct a series of experiments sponsored by ExxonMobil on cylinders in uniform and sheared flow, with and without strakes [25] . These data were made widely available to the VIV research community.
In 2003, a 38 m long, 27 mm diameter riser model was constructed by Marintek and towed in the ocean basin to create uniform and sheared flows. The tests were sponsored by the industry consortium, known as the Norwegian Deepwater Program. The tests are often referred to as the "NDP 38 m tests" described in Ref. [26] . Many researchers have had access to these data and considerable insights have been gained as to the typical response characteristics of a flexible cylinder operating at mode numbers in the range of 10e15. Both standing wave and traveling wave behaviors are observed in the data. This dataset has been used extensively to calibrate coefficient-based response prediction programs.
The next generation of model tests with high spatial density measurements was conducted by MIT in 2003e2006. They were sponsored by the Deepstar industry consortium in the U.S. Instrumentation was improved over the evolution and testing of three models of length z150 m and diameter z3 cm. All three were towed in a vertical configuration from a surface vessel. The third model employed fiber optic strain gauges, which measured inline and crossflow VIV at 70 uniformly spaced locations. High quality response data were obtained, while towing the model in the Gulf Stream in various current profiles. The resolution of the optical strain gauges was approximately 1 micro-strain. The experiments, observations, and additional research studies are described by Vandiver et al. [27] . High mode number response was common at frequencies ranging from the 10th to the 30 th mode. Traveling wave behavior was routine. Phase-locked, inline, and crossflow traveling waves produced extended length regions of counterclockwise, figure-eight motions, which are associated with strong coupling between inline and crossflow excitations [28] . Very strong higher harmonic frequency components were observed at three and five times the crossflow VIV frequency. A comprehensive set of experiments was conducted by Shell Oil Co. in 2011 at Marintek [29] . The test matrix included diameters of 12, 30, and 80 mm, uniform and sheared flows, and full and partial strake and fairing coverage. A few runs were specifically conducted to explore infinite length, traveling wave behavior. Data from the 12 mm diameter cable experiments are used in this study. The relevant citations are presented with the discussion of results.
In addition to the wide variety of flexible cylinder experiments described above, there have been many advances in flexible cylinder response prediction using semi-empirical codes and computational fluid dynamics (CFD) codes. CFD modeling [30] and reduced order modeling [31] have advanced our understanding of VIV. A comprehensive review of mathematical models and fully coupled CFD simulations for VIV prediction could be found in Ref. [32] . In particular, ones that address power flow are of direct relevance to this study. These include Newman and Karniadakis [30] and Bourguet et al. [31] , who computed power flow from computed hydrodynamic excitation and structural response. Semi-empirical response prediction codes are used in design. The three most widely used are VIVANA, VIVA, and SHEAR7 [33] . To date, flexible cylinder laboratory experiments have not included direct measurements of excitations. System identification techniques are required to estimate the power flow. Wu et al. [34] have used an inverse identification strategy and Rao et al. [35] have shown that it is possible to make power intensity computations based on modal reconstructions. Both methods have permitted power-in regions to be identified in the response data from the 2011 Shell tests.
Many other research studies have been conducted on various flexible cylinders, including models of hybrid free-standing risers, steel catenary risers, and pipeline spans. These studies, though valuable, are not reviewed here. Fig. 1 shows a power flow diagram for the beam, which includes a power-in region of length L in , where fluid lift forces inject energy into the cable. The figure also shows two power-out regions, where damping mechanisms remove energy from the system. Under steady-state conditions, the time-averaged power flowing into the system must equal the power flowing out. Henceforth, the use of this type of brackets, 〈〉, signifies time-averaged.
In order to find dimensionless parameters that describe responses at the level of the whole structure, it is necessary to define a measure of response, which reflects the behavior of the whole structure. The definition of this quantity, A * rms ¼ Arms D , is the key to the entire study. It is addressed in Section 3.2. With it in hand, the derivation of the three independent damping parameters, namely a, b R , and c * follows quite directly.
Principal assumptions made in modeling the flow of power
The key assumption is that there is a region on the cylinder that is subjected to steady-state, wake-synchronized excitation. This is the approach used in the three most widely used VIV simulation programs, i.e., VIVA, VIVANA, and SHEAR7. The excitation may be characterized as a sinusoidal or narrow-band random process in both the crossflow and inline directions. In the excitation regions, hydrodynamic damping is assumed to be included in the model of the hydrodynamic excitation. Structural damping in the excitation region is accounted for separately. In uniform or sheared flows, each power-in region has a length, L in , in which the reduced velocity is favorable for the synchronization of the wake with the motion of the cylinder. Over L in ; the flow speed may vary, but no more than is consistent with the assumption of a synchronized wake. Outside of the power-in region, the wake is not synchronized with the motion of the cylinder and power flows out of the cylinder due to both hydrodynamic and structural damping.
This model is consistent with the recent literature. Bourguet et al. [15] provided a very good review of previous works in describing the hydrodynamics of VIVs for flexible cylinders, including the relationships between inline and crossflow motions and the formation of vorticity in cells in the wake under lock-in and non-lock-in conditions. In Ref. [36] , Bourguet et al. used data from the 38 m NDP tests, described in the historical review, to identify excitation zones characterized by wake synchronization at the structural motion frequency. They showed how inline motion is coupled to crossflow and is typically at twice the crossflow frequency. The dimensionless parameters developed here may be applied to either inline or crossflow vibrations and may be estimated separately at each response frequency. The examples chosen in this study emphasize crossflow vibrations. A key point is that the methodology used in this study to analyze the flow of power is independent of the complexities of the excitation mechanisms.
It is well known that under some circumstances, strong force components at three times the crossflow frequency may also occur. They are strongest when the phase of the coupled crossflow and inline motions produce counterclockwise figure-eight trajectories. These higher harmonic forces have been discussed by Modarres-Sadeghi et al. [14] , Dahl et al. [37] , and Vandiver et al. [27] . Even though the generation of these higher harmonics is coupled to crossflow and inline excitations, once the vibration is generated, the effect of damping on power flow can be addressed by one frequency component at a time.
Definition of A rms
The challenge is to define a single measure of vibration response amplitude, which may be used to quantify the flow of power throughout the entire cylinder in any velocity profile. A long search resulted in the selection of A rms , which is the RMS response in the excitation region of the cylinder, as defined in Eq. (2). The excitation region need not be in a single contiguous piece; it is simply characterized by its total length, L in .
This definition has been chosen because it is closely related to expressions required to describe the flow of power. Let yðx; tÞ be the crossflow response of the cylinder. For the case of constant structural damping per unit length, c s , the power dissipated in the power-in region is given by the integral of the product of the damping force per unit length c s _ yðx; tÞ and the velocity _ yðx; tÞ as given in Eq. (3). 
This result is applicable to either harmonic vibration or narrow band random vibration, as shown by Crandall [38] . The power flow out due to structural damping is proportional to A 2 rms u 2 , which is the mean square velocity in the power-in region.
It is shown in Section 3.6 that radiated wave power is also proportional to this mean square velocity. In the search for a simple scalar quantity, with which to characterize response, A rms has proven to be the best. In its dimensionless form, it is defined as
Modeling of excitation power flow
The excitation region of length L in is prescribed or found by experiments or simulation programs. The time-averaged input power is given by the integral of the product of the force per unit length and the velocity of the cylinder, as indicated in Eq. (4) .
In flexible cylinder experiments, one is rarely able to measure the exciting forces, and precise models are not available. Nonetheless, a simple model is required to enable the discussion of the flow of power into the structure. The excitation mechanism may involve coupling between inline and crossflow motions. Because of the factor of two difference in frequency, the analysis of the flow of power for inline and crossflow may be performed separately. In either case, a simple expression for power-in is required. It is indicated in Eq. (5) for the crossflow case.
A rms u is defined in Eqs. (2) and (3), and is found by experiments or prediction programs. U 2 rms is computed from the prescribed current velocity using Eq. (6).
〈P in 〉 is determined by experiments or numerical simulations. The quantity C L;rms represents the RMS lift coefficient in phase with velocity. It is not an independent parameter. Once all other quantities in Eq. (5) are determined, C L;rms must take on the value that satisfies Eq. (5).
Equilibrium of power and definition of c Ã for the uniform flow case
When the current velocity variation is so small that wake synchronization involves the entire length of cylinder, power equilibrium may be expressed by equating the expressions from Eqs. (3) and (5).
Solving for
where
The requirement of equilibrium of power flow has led to the discovery of a dimensionless parameter, c * u , for the uniform flow case, which depends on structural damping only. The subscript u is used to emphasize that this form of c * is particular to the uniform flow case with a full-length power-in region. It has great similarity to the c * parameter for the spring-mounted rigid cylinder.
Eq. (8) may be solved for the RMS lift coefficient.
Therefore, anytime that A * rms and c * u are both known from either an experiment or a simulation, an estimate for the average RMS lift coefficient in the power-in region is simply obtained. This estimate of C L;rms does not reveal details of the local lift coefficient in the power-in region, but it does provide a measure of the spatially averaged RMS lift coefficient in phase with cylinder crossflow velocity within the excitation region.
It is often the case in flexible cylinder laboratory experiments that knowledge of the structural damping of the cylinder is in terms of an estimated damping ratio and not c s . An alternative form of c * u in terms of the structural damping ratio, z s , is given in Eq. (9), in which a substitution has been made so that c s ¼ 2z s mu n , where m is the dry mass per unit length. In using this form, it is also assumed that the damping ratio was measured in air at the natural frequency u n . This is not necessarily the same as the VIV response frequency, u. A note of caution: in many reported flexible cylinder experiments, structural damping ratio measurements have not been made at the response frequency used in Eq. (9) . It is often assumed that a damping ratio measured at a low mode number and low natural frequency in air may be used at different frequencies and mode numbers in response prediction. The most common occurrence of this practice is the assumption that all responding modes have the same damping ratio. This is not necessarily true. This topic of damping measurements is discussed further in Section 3.9.
The right side of Eq. (9) expresses c * u in terms of mass ratio and damping ratio. Here it is assumed that the damping ratio has been measured carefully for the mode of interest at a natural frequency close to the observed response frequency. Assuming that the response frequency and the natural frequency will be the same and noting that the reduced velocity is defined as
, where f v is the predicted vibration response frequency, then the right hand side of Eq. (11) provides a simple way of estimating c * u with little knowledge of the flow.
This equation provides the link between the mass-damping parameter m * z s and c * u . It is valid only when the assumption is made that the response frequency and natural frequency are approximately equal. The quality of this estimate depends on the care with which the damping ratio has been determined. One may make quick estimates of c * u by estimating the structural damping ratio and the critical reduced velocity at which peak response is expected to occur. Equipped with an estimate of c * u , one may enter an A * rms versus c * plot to obtain a preliminary estimate of A * rms : Example uses of A * rms versus c * plots are discussed in Section 4.
Computation of c Ã for the general case with spatially varying damping
Hydrodynamic damping must be taken into account in sheared flows and for risers with partial strakes or fairings, because the presence of these devices may change an excitation region into a damping one. Therefore, response prediction programs must have embedded in them structural and hydrodynamic damping models. With such models, the total power-out may be computed from equation Eq. (12) .
Total power-out or power-in may also be computed as part of a CFD simulation as shown in Ref. [30] . With power estimates from a prediction program, it is a simple procedure to find an estimate of c * for the general case, as described by Rao and Vandiver in a conference paper in 2015 [39] . The key conceptual step is to formulate an equivalent flexible cylinder with a total length, L in , with a mean square velocity given by A 2 rms u 2 ; and with an equivalent structural damping coefficient, c e , which dissipates the same total power as that computed by the prediction program for the full structure. The mean square velocity assigned to the equivalent cylinder is required to be the same as that computed by the prediction program for the excitation region.
In equation form,
The equivalent cylinder damping per unit length, c e , is then given by
rms u 2 (14) All quantities on the right side of Eq. (14) are computed by the prediction program. To find c * e for this equivalent cylinder in a uniform flow, substitute c e for c s in Eqs. (8) and (9) 
c Ã e is the equivalent c * parameter for the general case. Henceforth, the subscript e will be dropped. c * is used in general. The series of calculations presented in Eqs. (13)e(17) may be implemented in any CFD or coefficient-based response prediction program. SHEAR7 version 4.10 includes A * rms ; c * , and U rms with normal program output [3] . 〈P out 〉 and 〈P in 〉 used in Eqs. (13) and (14) may also be found by experiment. The methods described in Refs. [34, 35] may be used to compute 〈P in 〉 from experimental data. The error bounds on experimental estimates of power depend on many factors and may be large. Estimation of the length and location of power in regions and of injected power per unit length are the subject of current research.
Power out due to wave radiation
When the power-in region is not full length, some power must flow to other parts of the cylinder where energy is lost to damping. An alternative way of modeling the energy leaving the excitation region is as radiated waves. Some of the radiated wave power may return in the form of reflected waves. However, when the power-out region of the cylinder is sufficiently long that no reflected energy returns, the second integral in Eq. (12) may be replaced by a simple wave radiation damping term. The dominant response behavior is traveling waves. By requiring that the power-in be balanced by the power-out due to wave radiation, three useful dimensionless parameters, namely a, b R , and c * z ; are discovered as natural products of the analysis.
The theory of wave propagation provides formulations for the input of vibration energy at the end of a tensioned Euler beam with slowly varying properties, such as the linearly varying tension due to the weight per unit length of a marine riser in water. The results presented in this study are applicable to risers with slowly varying properties. The derivation is shown in Appendix A. The background theory is very well presented in the 2017 book by Kausel [40] . The time-averaged, radiated power is given as the product of the real part of the impedance, Z R , and the mean square transverse velocity imposed on the input end. The power radiated at each end of the excitation region is given by
A 2 1;rms u 2 is the mean square transverse velocity at the input end to a power-out region. It may be formulated for either the crossflow or inline direction and is taken to be either an harmonic or a narrow-band random process. The crossflow example is presented here. The mean square velocity at the beginning of the power-out region is the result of VIV excitation in the adjacent power-in region. Because the structure is linear, A 2 rms u 2 will be proportional to A 2 1;rms u 2 . For all experimental examples of radiated waves presented in this paper A 2 rms u 2 is approximately equal to A 2 1;rms u 2 .
The real part of the impedance, Z R , is derived in the appendix for the general case of the Euler beam under tension. This result is new. In a few cases, the tension-dominated beam is used as an example. Henceforth, tension-dominated beams are referred to as cables. For cables, the real part of the impedance is given in Appendix A, where it is shown that when the damping ratio is 20% or less, the real part of the impedance may be approximated by the undamped expression, Z R z ffiffiffiffiffiffiffi Pm p .
b R and the necessary condition for infinite length behavior
A metric, which establishes whether a cylinder has the dynamic properties of an infinite system, is required. Consider waves radiating from one end of the power-in region, which then reflect from the far boundary of the cylinder. If the structural response is linear, the frequency of the reflected waves is the same as the incident wave. If the outbound waves have amplitude A 1;rms and the returning reflected waves are of amplitude A 2;rms , then the net power radiated from one end of the power-in region is given by
The objective is to obtain a dimensionless parameter, which can be used to determine whether the returning reflected wave is of negligible power. The derivation of the attenuation of a traveling wave is presented in Appendix A. For nonconstant damping per unit length c out ðxÞ, the attenuation of power after traveling a distance L out is given by 
The subscript R, symbolizing radiation, has been chosen to distinguish this use of the character b from Sarpkaya's "frequency parameter," which is associated with hydrodynamic damping forces in oscillatory flows [41] . The reflected wave is attenuated by the same factor during its return. Thus, the total round-trip attenuation of power is in
proportion to e À2b R . The criterion used in this study is that if 1% or less of the power returns to the power-in region, the beam shall be considered of infinite length. Invoking this requirement leads to a threshold value for b R :
A 2 2;rms
A useful interpretation of the result above is that if b R ! 2:3, the cylinder will respond dynamically to VIV as if it is of infinite length. Traveling waves propagate away from the power-in region and do not return. This is demonstrated by finite element method (FEM) simulation in Section 5.2. The range of validity for b R is from 0 to values much greater than 1. When b R is much less than 2.3, then standing wave resonance is more likely to occur. Above 2.3, wave radiation becomes dominant and the cylinder takes on infinite length dynamic characteristics.
For constant damping (c out ), b R simplifies to the following two forms depending on the way damping is expressed:
This may also be expressed in terms of wavelengths, which is indicated in Eq. (23) . To derive this expression, it is necessary to use the following definitions for Z R and wave number. Z R ¼ mV g and the simple undamped wave number is k ¼ u=V f . V f is the wave phase velocity and V g is the wave group velocity. Making these substitutions leads to an alternative expression for b R for the tensioned beam with constant damping per unit length:
c Ã for infinite cylinders dominated by radiation damping
The analysis shown in this section pertains only to situations in which no substantial radiated power returns to the powerin region, that is, b R ! 2:3. There are two riser configurations that are of frequent interest in design: sheared flows with the dominant excitation region at one end, and long cylinders with a central excitation region far from either end. The following analysis is performed for the case where the power-in region is located far from either end.
Requiring the total power-in to equal the total power-out, as expressed in Eqs. (5), (7) and (18), leads to
The right side of Eq. (24) involves two forms of response velocities: A 2 rms u 2 , which is the mean square velocity in the power-in region and A 2 1;rms u 2 , which is the mean square velocity of the radiated waves. They are linearly related to one another because they are both metrics of the response of a linear structural dynamic model. In general, the ratio of one to the other is not known in advance. It is defined here as r 1 , where (25) It will be shown by FEM simulation and by examination of experimental data that r 1 is generally close to 1 and is insensitive to variations in damping in the power-in and power-out regions.
Eq. (24) 
The dimensionless parameters a and c * z have been introduced in Eq. (26). a is the ratio of the structural damping in the excitation region to the radiation damping, 2Z R , where the factor 2 accounts for radiation from both ends of the power-in region. a and c * z are given by
The concept of an equivalent cylinder of length L in was introduced in Section 3.5. That formulation may be applied to this case by requiring that c * Z ¼ c * e , where
As previously performed for the uniform flow case, it may be convenient to express c * Z in terms of the critical reduced velocity, leading to the alternative formulation shown here.
Eqs. (30) and (31) express one of the principal conclusions of this study. When traveling waves damp out before returning to the excitation zone, A * rms depends on the radiation impedance and not on damping in the power-out regions. The controlling dimensionless damping parameter is c * Z with the subscript Z to indicate that wave radiation is the controlling form of damping. When b R > 2:3, the maximum power that can be radiated into the cylinder from the excitation region is governed by the impedance Z R . If more damping exists in the power-out region, it causes the waves to attenuate more rapidly in space, but does not affect the response in the power-in region nor does it increase the total power lost to damping mechanisms. Experimental data are presented later in the study to show how responses vary as a function of c * Z . For most all-metal risers, the structural damping is small compared to the radiation damping. In such cases, a≪1 and may often be neglected in Eqs. (30) and (31) . In many cases, the parameter r 1 y1. By neglecting a and setting r 1 ¼ 1, the expressions for A * rms and c * Z simplify greatly.c * Z may be expressed in terms of reduced velocity when useful.
The derivations in this section have provided two additional dimensionless parameters. One is a and the other is c * Z . They have been derived for the case where the excitation region is centrally located. When the excitation region is located at one end, for example in the high-speed flow portion of a riser in a linearly varying current, then a and c * Z have slightly different expressions. Because the waves radiate in one direction only, the power-in region has only one-half as much radiation damping and the same structural damping. Therefore, making these adjustments leads to slightly different expressions for a, c * Z , and A * rms ; as presented below. When the power-in region is at one end,
For cases where a≪1 and r 1 y1,
An example of radiation damping with the power-in region at one end was discussed in a 2017 conference paper by Vandiver and Ma [42] . A simplified form of Eq. (37) was introduced in that study for a tension-dominated cable for which
The range of validity of a is from 0 to values substantially larger than 1. It is only meaningful for cases where waves leave the excitation region and do not return. For such cases, b R > 2:3. When a is small, the simpler forms of c * Z , given in Eq. (37), may be used. When a is much larger than one, a small amount of power is lost to radiation of waves, but the greater amount of power is lost to structural damping in the power-in region. This case is discussed in the doctoral dissertation of Liao in 2002 [43] , but is not considered further in this study.
The parameter r 1 is also important and needs further experimental investigation. It is only defined for cases in which waves radiate from a power-in region. In all cases with fairings in the 2011 Shell experiments, r 1 z1: The Shell experiments are the only published VIV experiments with sufficiently dense response measurements to enable the study of infinite cylinder behavior. Until additional experiments are conducted, it is not known whether r 1 z1 is generally true. The values for the Shell experiments are tabulated in Appendix B. Example cases are presented in Section 5.
Weaknesses in the measurement and reporting of damping
In experiments using flexible cylinders, the structural damping constant c s is rarely, if ever, measured directly. Instead, damping ratio is reported, and is usually estimated by one of three methods: impact test, pluck test, and harmonic excitation with decay after turning off the excitation. Impact and pluck tests tend to excite many modes, which require sophisticated analysis tools to extract the damping measurements. Harmonic excitation may be used to excite one mode at a time, and simple logarithmic decrement estimators may be employed to estimate the damping ratio. Regardless of the method used, it is the damping ratio that is usually reported, often without citing the mode number or the frequency of the decaying oscillation. Such measured estimates of damping are not adequate for use in computing dimensionless parameters such as a or c * u .
It is the damping constant c s , which is required. It is assumed to be related to the damping ratio by the expression z s ¼ cs 2mun . By this definition of damping ratio, the frequency u n is the natural frequency at which the measurement was made. By solving for c s ¼ 2z s mu n , an expression is obtained, which may be used to estimate c Ã , as shown in Eq. (9), but one should use the value of u n at which the damping ratio was measured. Frequently, studies of VIV experiments report only the measured damping ratio, implying that it is valid for all modes and all natural frequencies, which is generally not true. Essential pieces of experimental information, such as mode number and natural frequency, are often omitted when damping ratios are reported. An example is given in Section 4.1, where experimental data from the 2011 Shell tests are introduced. The reported average damping ratio for the 12 mm diameter cylinder is 0.5%. The mode numbers and frequencies for the actual measurements are not given. This causes considerable uncertainty in estimation of c Ã for uniform flow cases. Such lapses in measurement and reporting of damping have not been an important source of uncertainty in most uniform flow experiments with small damping ratios. This is because the maximum observed A=D in uniform flow cases is primarily the result of limit cycle reduction in the lift coefficient and is insensitive to errors in estimates of small structural damping values. However, there are situations in which accurate knowledge of c s may be more important.
In future model tests, structural damping should be measured and reported with greater care. Ideally, one should excite the mode that is excited by the VIV and conduct the decay test at approximately the correct value of natural frequency. A future research project on measurement of structural damping would be valuable. The principal goal of this paper is to reveal the role of damping in shaping the global dynamic response of flexible cylinders to VIV. A plot of A * rms versus c * reveals the influence of damping which is only one of many factors that govern response. Other factors would normally include Reynolds number, reduced velocity, shear parameter, mode number, single versus multifrequency response and unsteady versus steady behavior. It is unreasonable to expect that accounting solely for damping will result in a smooth monotonic graph of response. Graphical presentations of A * rms versus c * estimated from measurements of flexible cylinder VIV should be expected to have substantial variation. The amount of variation depends on the degree with which other important parameters were controlled in the experiment. Presentation of data from simulations, are generally characterized by much less variation, depending on the number of variables included in the simulations. This is illustrated in the following subsection.
Practical applications of
Even with variation resulting from uncontrolled factors, these plots give considerable insight as to the influence of damping on overall global VIV response. In the examples to follow global response is evaluated for uniform and sheared flow on bare cylinders and for travelling wave response on a cable with partial fairing coverage. Observed response varies from single mode lock-in to infinite system behavior. Data of two kinds will be presented, simulated data from the commercial response prediction program SHEAR7 V4.10 [3] , and measured experimental data from the 2011 tests conducted by Shell at Marintek [29] .
Response predictions using the simulation program SHEAR7
The response prediction program SHEAR7 is a frequency domain program, which simulates the steady state VIV response of flexible cylinders. The principal industrial application of this program is to provide conservative predictions of the fatigue life of marine risers, exposed to ocean currents. Version 4.10 of this program provides tabulated values of A * rms , c * and U rms . c * is computed using the approach described in Section 3.5.
The SHEAR7 User's Guide [3] recommends a default set of input parameters, when a conservative VIV response prediction is desired. One of the more important inputs is an intentionally conservative lift coefficient model, which is shown in Fig. 2 . It is a function only of A * ðxÞ; the local dimensionless response amplitude.
It is not a function of local reduced velocity. In finding a solution the program iterates until it converges to a lift coefficient distribution that satisfies the steady state requirement that the power flowing in equal the power flowing out. To users familiar with the program this lift coefficient model is known as C L Table 1 , and will be noted as C L1 in the text. Fig. 2 . Conservative lift coefficient curve, known as SHEAR7, C L Table 1 . Fig. 3 shows the A * rms versus c * plot, which is the result from many runs using C L Table 1 and other input parameters summarized in Table C .1 in Appendix C. The input data were based on the 12 mm diameter cylinder used in the 2011 Shell tests. Typical properties are listed in Table 1 . The cases used to create Fig. 3 included a parametric variation in uniform and linearly sheared flow speeds, as well as variation in the amount of partial fairing coverage. The goal was to achieve predictions covering a wide range of c * values. The resulting data points form a tight compact curve, and span global response behavior from uniform flow standing waves to infinite cylinder traveling waves. A curve fit is shown in the figure, and used in later figures as a reference line.
Because of intentional conservatism in the input parameters, this curve provides an upper bound response prediction for similar flexible cylinders at subcritical Reynolds number. This figure also makes clear the applicable range of values for c * . Values of 0.01 or less indicate very small damping. In such cases limit cycle behavior will reduce the lift coefficient for bare cylinders in uniform flow and keep the resonant VIV response of the cylinder in check. At values of c * greater than 10, the damping forces are very strong such that the VIV response will be very small and wake synchronization will not occur. The curve is quite smooth and monotonic. There is little variation in the individual data points about the fitted curve, because the lift coefficient is dependent only on A * ðxÞ and does not account for other real world factors, such as reduced velocity or Reynolds numbers.
Users of the program may invoke a less conservative model of the lift coefficient. It is known as C L Table 2 . It is a smoothed and extended version of the original Gopalkrishnan data [44] , and is a function of A * ðxÞ and reduced velocity. It is intended to result in response predictions which are close to the mean of measured response. It is not intended to be used to make conservative fatigue life predictions of marine risers. Descriptive figures and discussion of this type of lift coefficient model may be found in Ref. [33] . Fig. 4 presents predictions using both lift coefficient tables. A discussion of the comparison between simulations and experimental measurements is presented in the next section. Fig. 3 . Predicted A Ã rms versus c * using SHEAR7 with C L Table 1 . 
Comparison of measured and predicted response of the 12 mm cylinder
Examples are presented here for the 12 mm diameter cable, which was used in some of the 2011 Shell model tests, Lie et al. [29] . It was 37.9 m in length and had a mass ratio of 1.74. Model physical details can be found in Table 1 Table and the measured values. The results are as might be expected. Predictions with C L1 are a tight clump of 17 data points that fall on the fitted curve from Fig. 3 . This response, as intended, is well above the measured values. The predictions using C L2 fall in a tight clump, right on top of the measure values. The variation in these predictions are due to the C L2 dependence on reduced velocity. The variation of the measured values is due to reduced velocity variation and possibly other factors, such as Reynolds number. Fig. 5 shows the measured A * rms versus R e for both in-line and cross-flow directions. There is some variation in the crossflow response but no clear trend. This contributes to the variation in Fig. 4 . The inline response versus Reynolds number is approximately constant. c * was computed using Eq. (11). The predictions made with C L1 are larger than the measurements as expected. One may manually check the c * value by using Eq. (11) with a structural damping ratio of z s ¼ 0:005 and V R ¼ 1/S t ¼ 7.143. The predictions using C L2 , include a dependence on reduced velocity. The response predictions and measurements align rather well on the c * axis, because the predictions all used the same estimated structural damping ratio of 0.005 and a Strouhal number of 0.14, which is the mean value inferred from the measured response. The structural damping ratio was assumed to be 0.005 for all flow speeds and modes. Ideally, damping ratio measurements would be made at each mode number and natural frequency. This was not done in the 2011 experiments described here. Only the first few modes were tested and the reported damping ratios varied from 0.003 to 0.009 with a mean of 0.005. Damping was not measured at the higher mode numbers and actual frequencies encountered in the experiments. Therefore the true measured c * values could vary from 0.01 to 0.06 due simply to lack of accurate determination of damping ratio.
Bare cylinders in sheared flow
The center of Fig. 4 reports the predicted and measured values for the sheared flow cases. The flow profiles varied linearly from zero to a maximum. The maximum values ranged from 0.47 m/s to 2.73 m/s. The data corresponding to this figure are shown in Table B .3 in Appendix B. As with the uniform flow cases the predictions made with the SHEAR7 program utilized the two different lift coefficient tables.
As expected, predictions using C L1 are well above the measured values and close to the bounding curve from Fig. 3 . This prediction accounts only for the influence of A/D on the lift coefficient. The predictions using C L2 fall among the measured data points, predicting decreasing amplitude with increasing c * . These predictions also account for the effect of reduced velocity on lift coefficient, but do not account for many other likely sources of variation in real experiments.
In Fig. 4 the two predictions, described above, may be compared to estimates of A * rms and c * , based on measured data. The measured A * rms is quite close to the predictions using C L2 . However there is an increasing trend in A * rms with increasing c * , which is unlikely to be true. This illustrates one of the valuable uses of A * rms versus c * graphical presentations. They often reveal when something is not quite right. In a case like this one the estimation of both A * rms and c * have numerous sources of error. The estimation of measured A * rms requires modal response reconstruction from measured strain. The choice of the modes to include in the reconstruction is made by the analyst and has several potential sources of error [23] . The choice influences the estimate of A * rms . Estimation of c* for sheared flow cases also has substantial opportunity for error. c* must be computed using Eq. (14) which requires estimation of the power-in, P in ; as well as the power-in length, L in . This too is an area of current research. Two example papers are [34, 35] . The values plotted here used the method described in Ref. [35] . These data while close to the predictions made with C L2 , have considerable uncertainty, which suggests that further research is needed.
The present state of understanding of VIV under sheared flow conditions is limited. A * rms versus c * plots are a research tool that may be used to reveal the role that damping plays in determining VIV, and may reveal when there are factors at work, which are not yet understood.
Faired cylinders in uniform flow exhibiting infinite cylinder behavior
This experiment was the first of its kind. It was intentionally designed by the first author to create infinite cylinder behavior, and to do so on a cylinder with sufficiently dense instrumentation to be able to study wave propagation. The test cylinder had a bare region in the middle with fairings on either side, as depicted in Fig. 1 . The experimental setup is described in more detail in Section 5 and Table 1 . For all test cases b R > 2:3, so that the response was like that of an infinite cylinder for which radiation damping is the controlling form of damping. A detailed analysis of one experiment is presented in Section 5. The focus of the current discussion is on the form such data takes when plotted as A * rms versus c * . Fig. 4 presents all of the measured data for the faired cases as well as the predictions made with SHEAR7 using both lift coefficient models. The measured c * values were computed using Eq. (31), using the experimental parameter values tabulated in Appendix B, Table B.1. Unlike the sheared flow case, the estimate of the measured c * has high confidence, because it depends on the impedance, which is quite accurately known, and on accurately measured values of flow speed and response frequency. The measured response amplitude decreases with increasing c * , as expected. It has some variation, which is not a surprise. Many factors, known and unknown, influence the response. As this was the first experiment designed to study infinite cylinder VIV behavior, there are many aspects yet to be studied and understood. An A * rms -c * plot controls only for damping. Scatter in the measured data simply indicates the presence of factors yet to be explained.
The predicted values of A * rms and c * were done by SHEAR7, which makes use of Eqs. (14) and (15) . In this case the response predicted using C L1 falls along the fitted curve. An unexpected result was that the individual predictions using C L2 fall very close to the predictions using the C L1 . Although the C L2 lift coefficient depends on reduced velocity, it seems to have little effect when applied to a cylinder with infinite length dynamic characteristics. The explanation is that infinite length dynamic behavior is not characterized by sharply resonant peaks at the undamped natural frequencies, which for these experiments were quite close together. The response prediction algorithm in SHEAR7 selects the response natural frequency which corresponds to a reduced velocity that is closest to the peak of the C L2 lift coefficient curve. The peak of the C L2 curve is very close to the C L1 curve shown in Fig. 2 . This results in very similar predicted response for the two lift coefficient models. This provides insight to infinite cylinder response in other applications. When significant scatter is observed, it is an indication that an uncontrolled factor, such as Reynolds number or reduced velocity is at work.
To summarize, plots of A * rms versus c * from flexible cylinder experiments should not be expected to fall on smooth curves without scatter. Flexible cylinder response is sensitive to many factors. Damping is only one of them and therefore such plots reveal the influence of damping on response. However, c Ã is more than just a measure of damping. It is a metric which expresses the ratio of available damping capacity, 2c e u; to the available excitation, rU 2 rms : The c* axis gives insight as to the strength of the lift coefficient as well as the capacity of the system to extract power. Small values of c* correspond to low power and low lift coefficient. At intermediate values the lift coefficient and power reach peak values, and at large values the lift diminishes and the power drops to zero.
A wide range of global dynamic response behavior may be viewed on a single plot of A * rms versus c * . The data in Fig. 4 spans behavior ranging from standing waves on a bare cylinder in uniform flow, to travelling waves on a cylinder which behaves as if it is of infinite length. This has been made possible by deriving the c * parameter in terms of power flow and by defining A * rms so that it is easily related to input and output power. On a single figure a wide range of structural properties and wide range of flow conditions may be represented.
Finite element simulation of infinite cylinder VIV
The dynamic behavior of infinite cylinders has had little prior attention in the VIV literature. One recent conference paper by Vandiver and Ma in 2017 [42] presented an example of radiation damping but did not present the general theory, which is done in this study in Appendix A and in Sections 3.6, 3.7, and 3.8. The purpose of Section 5 is to validate the infinite cylinder theory with a simple time domain finite element simulation. In the simulation, parametric variations of a and b R are used to reveal trends in the behavior.
The FEM properties were chosen to simulate the 12 mm cable, which was used in the 2011 Shell tests [29] . In one set of tests, the cable was equipped with fairings with a bare region in the middle, as depicted in Fig. 1 . The excitation region was bounded on both sides by flexible ribbon fairings, described in Ref. [45] . The relevant properties of the tension-dominated cable are given in Table 1 . In the FEM the added mass coefficient was set to 1.93 for the entire cable. This resulted in a good match of the predicted and observed response frequency of the 19th mode.
VIV excitation model for the FEM simulation
For this simulation, the crossflow force coefficient is modeled as a simple standing wave extending over the middle 25% of the cable as indicated in the following equation and plotted in Fig. 6 .
This force coefficient C y0 is not a function of response amplitude and was constant for all runs of the program. It is used to make response predictions as a function of parametric variations of a and b R . The value of the peak force coefficient, C y0 ¼ 0:587, has been selected to obtain a predicted response amplitude close to that observed in the experiments. The RMS value of the total hydrodynamic force coefficient, C y ðx; tÞ; is 0.3 as computed by Fig. 6 . Prescribed force coefficient amplitude, CyðxÞ.
That portion of this RMS force coefficient in phase with velocity, C L;rms , is not known in advance, but must be less than or equal to C y;rms ¼ 0:3.
FEM simulation results
The FEM consisted of 1000 beam elements with negligible bending stiffness. The flow velocity U was 1.5 m•s
À1
, which corresponds to test number 2343. The excitation frequency was set as 109.6 rad•s
, which is approximately the natural frequency of the 19th mode in still water. This corresponds to a reduced velocity of 7.16, which was typical of experimentally observed values. The length of the power-in region for the simulation was set as 9.5 m, which was 25% of the total length, centered in the middle of the cylinder. The parametric variation of a was achieved by varying the structural damping coefficient in the power-in region. b R was varied by adjusting the hydrodynamic damping in the power-out regions.
The FEM was used to compute the time domain response to the input force. After sufficient time, steady-state response was achieved. The unconditionally stable Newmark method was used to solve the equations of motion. The RMS response of yðx; tÞ is shown in Fig. 7 for a ¼ 0:075 and three values of b R ; which are all greater than 2.3. The magnitude of r 1 depends on the chosen form of excitation, which in this case was the simple standing wave as presented in Eq. (38) and Fig. 2 . It is indicated in Section 6 that, for various lengths of the bare region, the actual measured mean value of r 1 was 1.05 with a standard deviation of 0.06. This suggests that the actual form of excitation may have been more similar to that of a traveling wave than the standing wave assumed here. Traveling waves were observed during all of the experiments with fairings.
Experimental observations of infinite cylinder VIV response
In 2011, a series of VIV experiments on flexible cylinders were conducted in the ocean basin at Marintek [29] . The 38 m long models were tested with three diameters: 12 mm, 30 mm, and 80 mm. Only the 12 mm cylinder could be configured to model the infinite cylinder behavior in a controlled laboratory environment with high spatial density response measurements. These specific experiments are described by Rao et al. [45] and in Resvanis et al. [46] . The 12 mm glass fiber composite cylinder was wrapped with a commercial, flexible, plastic, ribbon fairing, as shown in Fig. 2 in Ref. [45] . The properties of the cable are given in Table 1 . The fairing initially covered 100% of the cable. The fairing was progressively removed to create a centrally located bare region, which varied from 5% to 25% of the total length in steps of 5%. The cylinder response was measured at several uniform flow velocities varying from 0.5 to 2.5 m•s À1 at each exposure length. . The measured results were prepared by a modal reconstruction method, whereby at every time step, the measured curvature response was reconstructed in terms of all the identified modal contributions. Once the contribution of each mode was known, a reconstruction of displacement amplitude could be assembled from the known model weights [45] . An analysis of the experimental data revealed that in all cases with partial fairing coverage, no significant reflected wave energy returned to the excitation region. For all cases, b R was greater than 2.3, and the cylinder behaved as if of infinite length. Test conditions and response data are tabulated in Appendix B. Table B1 . c * z was computed using Eq. (36) . A * rms and r 1 were computed from the measured data as described in Rao et al. [45] . The mean value of r 1 was 1.05 with a standard deviation of 0.060, which supports the earlier assertion that the average RMS amplitude in the power-in region is approximately equal to the RMS amplitude of the radiated waves. For all cases, a was less than 0.08. The causes of the scatter in Fig. 4 for the faired cases are not precisely known, but variation in the excitation is very likely. Very little research has been performed on excitation models for VIV, when infinite length dynamic behavior is certain. L in may be time varying. For Fig. 4 all c * values were computed assuming that L in was equal to the exposed bare length. All other components of c * were known very accurately, including Z R , response frequency, and flow speed. Fig. 10 
VIV response characteristics of an infinite cylinder
The part in square brackets ½ was approximately constant in this experiment for all conditions tested. Its mean and standard deviation were 0:175±0:034. The variation is due to changes in Z R related to tension variations associated with mean drag force (see Table B .1 for exact values). The principal independent experimental variable was U rms L in , which varies from 1 to 15. Knowing that these data show the rms lift coefficient to be approximately constant provides a plausible explanation for the observation made in the 1983 experiments at St. Croix, in which the RMS response appeared to be proportional to flow speed. rms is proportional to 1=c * z . Eq. (40) indicates that A * rms would be proportional to U rms if all other parameters in the equation were constant. Fig. 10 shows that C L;rms y0:2 for the whole range of c * values in the Shell experiments. That leaves L in as the principal unknown for the St. Croix experiment. The hypothesis is made that it must have been roughly constant, allowing one to conclude that A * rms would appear to be proportional to flow speed, as was reported in Ref. [47] . Variation in the actual power-in length would have introduced the scatter, which was also observed in the original plots of response versus estimated flow speed. 
Comparison of measured response with SHEAR7 prediction
The predicted and measured results are shown in Fig. 11 for the case where the bare region was 25% of the total length and
. Fig. 11 compares the measured response shown in Fig. 9 to the predicted response from the SHEAR7 program. The essential SHEAR7 input parameters are listed in Appendix C. The prediction shown in Fig. 11 used a lift coefficient model, known as C L2 : In the prediction, the power-in length was set as the length of the 25% bare region of cable. The Strouhal number was set as 0.14 to match the observed response frequency. The program has an embedded hydrodynamic damping model for the power-out regions, which requires three user-provided damping coefficients. The damping model was developed by Venugopal [48] . Because of the presence of the flexible ribbon fairings, these coefficients were double the usual bare cylinder values in order to match the decay rate observed in the figure for the power-out regions.
Overall, the prediction is reasonably good. It is most different in the excitation region, where the excitation model used in the program applies the lift force as a standing wave, which could not capture the specific details of the real excitation, but provided a workable approximation. This study began with the goal of understanding the role of damping in shaping the global VIV response. It did so based on an assumption of a simple, single frequency, steady-state excitation. Experimental measurements and simulation program predictions have been used to demonstrate that the effects of damping on global vibration response may be captured in a single unified graph of A Ã rms versus c * . The results have been illustrated with data from a variety of controlled laboratory experiments and by simulation program predictions, using two different lift coefficient models. The results provide a foundation for the study of multi-frequency and unsteady cases in the future.
Conclusions
This study began with the goal of understanding the role of damping in shaping global VIV response. It did so based on an assumption of a simple, single frequency, steady-state excitation. Experimental measurements and simulation program predictions have been used to demonstrate that the effects of damping on global vibration response may be captured in a single unified graph of A Ã rms versus c * . The results have been illustrated with data from a variety of controlled laboratory experiments and by simulation program predictions. This study provides a foundation for the study of multi-frequency and unsteady VIV in the future. Specific outcomes of this study are listed below.
7.1 A rms , the RMS response in the power-in region, is the metric of response which best characterizes the global flow of power. 7.2 Three new dimensionless damping parameters, which characterize global VIV response for flexible cylinders, have been described. They are designated as a; b R ; and c * .a reveals the relative importance of structural versus radiation damping, b R indicates when radiation damping is important, and c * locates the global VIV behavior on the spectrum of lightly to strongly damped systems.
7.3 The role of radiation damping in VIV has been explained for the first time. When b R > 2:3, the cylinder will behave as if of infinite length. The impedance of the cylinder controls the radiation damping. 
Graphical presentations of A Ã
rms versus c * organize response data in terms of a global damping parameter. An estimate of c * provides immediate insight on the expected response in regions of VIV excitation. where FðxÞ and MðxÞ are the external transverse force and bending moment at a cross section x, while _ yðxÞ and _ wðxÞ are the corresponding translational and rotational velocities, respectively.
Since the evanescent wave only affects the structural response local to the source of excitation, the response away from the source can be expressed as, Then, the time averaged energy flux P x , which is the vibration power passing through a cross-section of the riser at a location x is, where V g is the group velocity of the undamped tensioned beam.
According to Green's law (also known as power equality), A 2 11 ðxÞZ R ðxÞ at different locations is constant [42] . However, damping will affect local wavenumber and hence the attenuation of power with propagation distance. Thus, a power decay ratio from x ¼ 0 to x ¼ L out can be approximated by, 
